ABSTRACT
Introduction
Layered double hydroxides (LDHs), also known as hydrotalcite-like materials, are an important class of layered materials and have the general formula [M LDHs have a wide range of applications in many fields, e.g., as catalysts or catalyst precursors, ion exchangers, adsorbents for environmental contaminants, and substrates for the immobilization of biological material [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Thermal decomposition of the LDH at high temperature leads to the formation of mixed metal oxide (MMO) materials composed of spinel-like (M Ⅱ M Ⅲ 2 O 4 ) phases and other metal oxide phases (M Ⅱ O) and previous studies have shown that such materials can be used as catalysts and catalyst supports, sensors, and Li-ion battery electrodes [15] [16] [17] .
In particular, thermal treatment of LDH precursors containing Fe Ⅲ in the layers leads to the formation of spinel ferrite materials with excellent magnetic properties [18] .
Moreover, owing to the cations within the layers of the LDH precursors being uniformly ordered on an atomic level, the two phases in the final composites are uniformly interdispersed. Interest in nanosized ferro/ferrimagnetic (FM) particles has increased greatly in recent years because of their wide range of applications in various fields [23] [24] [25] [26] [27] . In the case of information storage, achieving ultrahigh densities requires the preparation of materials with very small particle size. This however lowers the anisotropy energy, which maintains the magnetic moments along certain directions, and it becomes comparable to the thermal energy at a relatively low temperatures, well below room temperature. At this temperature, known as the blocking temperature (T B ), the nanoparticles lose their magnetic order and become superparamagnetic. If nanosized FM particles are to have actual practical applications in areas such as magnetic recording, it is essential to find ways of raising the value of TB to room temperature and above. According to recent studies, exchange bias effects in composite systems have been discovered as a way to overcome the "superparamagnetic limit" of FM nanoparticles [28] [29] [30] , since it has been demonstrated that exchange coupling between the FM and AFM spin systems induces an anisotropy in the FM materials which can leads to substantial increases in T B . Many of the studied exchange-biased systems, which are fabricated by the chemically modifying the surface of a preformed FM core, are composed of homogenous transition metal ferromagnetic cores and a corresponding passive shell, such as Co/CoO [31] , Ni/NiO [32] , or oxides with different oxidation states as in Fe 3 O 4 /FeO [33] and Mn 3 O 4 /MnO [34] . Co/NiO or Co/FeS core/shell nanostructures have also been fabricated using a ball milling method [35] .
The exchange bias effect has also been used to improve the magnetic stability of ferrite nanoparticles and various different heterogeneous FM spinel ferrite/AFM oxide systems with different structures have been developed by a variety of chemical methods. For instance, spinel ferrite/MnO core/shell nanoparticles can be fabricated by a chemical precipitation method [36] . CoFe 2 O 4 nanoparticles embedded in the NiO matrix have been prepared by the so-called "polyol method" [37] , and NiFe 2 O 4 nanoparticles embedded in a NiO matrix can be synthesized by a chemical coprecipitation method [38] . All these studies showed that the exchange bias interaction between the heterogeneous spinel ferrite and oxide phases could improve the magnetic stability of the ferrite nanoparticles to a certain extent. However, the above mentioned routes intrinsically lead to the sintering of the two phases and the poor quality of the interface. This has been attributed to the weak interfacial interaction between the FM spinel ferrite and the AFM oxide and a correspondingly weak exchange bias coupling between the FM spinel ferrite and the AFM oxide [31] . Therefore, the development of new preparative techniques for FM/AFM systems with highly effective exchange bias is still a target of current research.
The topotactic transformation of an LDH to MMOs suggests that a strong interfacial effect might exist between the metal oxide and spinel-like ferrite phases and could result in enhanced magnetic stability and increased T B values. In this paper, we first fabricated NiFe-LDHs and then calcined them at high temperature to obtain nanocomposites of ferrimagnetic NiFe 2 O 4 and an excess of antiferromagnetic NiO. Compared with a similar system obtained by calcination of a precursor prepared by a traditional chemical coprecipitation method (described in Ref. [38] ), the NiFe 2 O 4 /NiO nanocomposite prepared from the NiFe-LDH showed much higher T B value due to an enhanced interaction between the two phases. Furthermore, we also adjusted the NiFe 2 O 4 /NiO molar ratio by tailoring the Ni/Fe molar ratio in the NiFe-LDH precursors, and investigated its effect on the magnetic properties of the final composites.
Experimental
The The nanocomposites were characterized by X-ray powder diffraction (XRD) carried out on a Shimadzu XRD-6000 diffractometer using Cu Kα radiation (40 kV, 30 mA, and λ = 0.154 nm) between 3° and 70° with a scanning rate of 5 (°)/min. Elemental analysis for metal ions was performed using a Shimadzu ICPS-75000 inductively coupled plasma emission spectrometer (ICP-ES). Solutions were prepared by dissolving the sample in dilute hydrochloric acid (1:1). Transmission electron microscopy (TEM) was carried out with a JEOL JEM-2010 transmission electron microscope with an accelerating voltage of 200 kV. Magnetic measurements were obtained on a Quantum Design MPMS-XL Superconducting Quantum Interference Device (SQUID) magnetometer operating in the temperature range 5-400 K. The XRD pattern exhibits the characteristic reflections of the LDH structure with a series of (00l) peaks at low angle and weaker non-basal reflections at higher angle [36] . Elemental analysis of the NiFe-LDH precursor gives a Ni:Fe molar ratio of 2.62, which is similar to that in the initial synthesis mixture. diffraction peaks characteristic of a material with a layered structure are apparent, the low intensity of these reflections suggests that the majority of the material obtained by the traditional chemical coprecipitation method is amorphous. Thermal decomposition of the LDH precursor at 350 °C afforded a material giving three broad peaks in its XRD pattern, (Fig. 3(a) , NF-3-350), which can be attributed to a poorly crystalline NiO phase. When the calcination temperature was increased to 500 °C , the resulting material NF-3-500 had an XRD pattern, shown in Fig. 3(b) , which corresponds to a superposition of the characteristic reflections of NiFe 2 O 4 and NiO. The mean crystallite size of the NiFe 2 O 4 particles, calculated using the Scherrer formula, was about 6 nm. It should be noted that the (111), (200), and (220) peaks of NiO (Fig. 3(c) ). Compared with those in Fig. 3(b) , the intensities of the diffraction peaks of NiFe 2 O 4 and NiO are much larger and the mean particle size of the NiFe 2 O 4 (as calculated by the Scherrer formula) is about 20 nm, which is about three times that of the material prepared using the LDH precursor method.
Results and discussion
A typical TEM image of the NF-3-500 nanocomposite obtained by calcination of the LDH precursor at 500 °C showed (Fig. 4(a) ) that the small nanoparticles were roughly spherical but not quite regular in shape, and seemed to be aggregated with each other such that no "isolated" particles can be observed. The estimated diameters of the spherical nanoparticles are about 5-8 nm. HRTEM (Fig. 4(b) ) showed that the material was well crystallized, as evidenced by the well-defined lattice spacing in the regions selected. In Fig. 4(c) , it can be observed that the particle size distribution of NF-C-500 is polydisperse, ranging from 5 nm to 25 nm, and the particles become sintered and the two phases become segregated. Such phase separation and the sintering during the calcination process are consistent with the mostly amorphous nature of the precursor formed by chemical coprecipitation. In contrast, for the NiFe-LDH precursors, a decoration model developed for NiAl-LDHs [40] suggests that the NiO can be viewed as "decorated" by ferrite-type patches and that this is responsible for the high thermal stability and resistance to sintering.
Blocking temperature of NiFe 2 O 4 /NiO nanocomposites and mechanism of the improvement of magnetic stability
In order to investigate the T B of NF-3-500, the temperature-dependent magnetization curves in zerofield-cooled (ZFC) and field-cooled (FC) processes with an applied field of 100 Oe were recorded, as shown in Fig. 5(a) . According to the literature, the T B value of single-phase NiFe 2 O 4 nanoparticles is much lower than room temperature when the particle size of the NiFe 2 O 4 is smaller than 10 nm. For instance, the T B value of NiFe 2 O 4 nanoparticles with a diameter of ~6.4 nm ± 1.4 nm has been reported to be about 95 K at a magnetic field of 100 Oe [41] , while a value of 60 K has been reported for NiFe 2 O 4 with a particle size of 8.6 nm with the same magnetic field [42] . In contrast, in NF-3-500, at a magnetic field of 100 Oe the nanoparticles displayed a T B of 380 K (Fig. 5(a) ), /NiO nanocomposite (NF-C-500) prepared by calcination at 500 °C of the precursor obtained using the chemical coprecipitation method much higher than room temperature. For the NF-C-500 nanocomposite, the T B value (as shown in Fig. 5(b) ) was only 280 K-which, although higher than that for pure NiFe 2 O 4 , is 100 K lower than that of the composite material obtained by the LDH precursor method-in spite of the fact that the mean particle size of the NiFe 2 O 4 prepared by the coprecipitation method is much larger.
Overall, the results demonstrate that for NiFe 2 O 4 /NiO nanocomposites synthesized from either an LDH precursor or precursor prepared by chemical coprecipitation, the coupling of FM NiFe 2 O 4 particles with the AFM NiO matrix can be a source of enhanced magnetization stability. This leads to an increase in the nanoparticle blocking temperature, with the effect being larger in the case of the material prepared by the LDH precursor route. The FM/AFM exchange coupling may be understood as follows: when the grain size of the FM particles is reduced, the energy in which N is the number of atomic magnetic moments in the cluster, T is the absolute temperature, k B is the Boltzmann constant, and τ 0 is a constant. ΔE, which is the energy barrier per cluster atom, results from the magnetic lattice anisotropy and the magnetic dipole coupling. The key to increasing the magnetic stability of small FM particles is to raise the energy barrier ΔE. On the other hand, another important factor as mentioned above, which determines the "effectiveness" of the exchange bias interaction, is the quality of the interface between the FM and AFM phases [31] . We suggest that this can account for the marked difference in the magnetic stabilities (as shown by the T B values) of the NiFe 2 O 4 /NiO nanocomposites synthesized from the LDH precursor and by the chemical coprecipitation method. In the case of the LDH, during the early stages of the transformation, oxide nucleation occurs on its (00l) planes where the packing of cations is the densest, giving the lowest nucleation energy, and resulting in the formation of the (111) O phase. During the whole process, the O atoms retain the most dense face centered packing. This topotactic transformation mechanism [20] of the decomposition of the LDH accounts for the close structural dependence of the resulting NiFe 2 O 4 and the NiO matrix and the much better quality of the interface between the NiO matrix and the NiFe 2 O 4 nanoparticles. Moreover, it can be seen from the TEM results that the sizes of the nanoparticles derived from the LDH precursor are much smaller than those obtained from the precursor prepared by the coprecipitation method and are strongly clustered with each other, giving a larger effective AFM NiO phase "thickness" around the NiFe 2 O 4 nanoparticles. Furthermore, when the particles are clustered together, due to the exchange coupling effect in the NiO phase around different NiFe 2 O 4 nanoparticles, they exert a "collective behavior" and thus have an extra effective AFM "thickness" which further increases the blocking temperature of the NiFe 2 O 4 nanoparticles [44, 45] .
For NF-C-500 obtained by calcination of the precursor from the chemical coprecipitation method, both the XRD and TEM results indicate that phase separation and the sintering of both the NiO and NiFe 2 O 4 have occurred, and no cluster structures can be seen in the TEM image. Therefore, the exchange between the FM and AFM phases is much weaker due to the poor quality of the interface and the T B value is much lower than that of the NiFe 2 O 4 /NiO nanocomposite derived from the LDH precursor. The temperature-dependent magnetization curves in ZFC and FC modes of NF-2-500 and NF-4-500 are shown in Fig. 7 . The T B value for NF-2-500 is much lower (260 K) ( Fig. 7(b) ) than that for NF-3-500, whilst the T B value for NF-4-500 is 380 K (Fig. 7(b) ), which is very similar to that for NF-3-500. The influence of the NiO concentration in the final NiFe 2 O 4 /NiO nanocomposite systems on the exchange bias effects is illustrated schematically in Fig. 8 . Unlike single-phase NiFe 2 O 4 nanoparticles (Fig. 8(a) ), the NiFe 2 O 4 /NiO (Fig. 8(b) ). With increasing NiO concentration ( Fig. 8(c) ), the much stronger exchange interactions due to the larger effective AFM "thickness" around the FM NiFe 2 O 4 nanoparticles leads to a further increase in the blocking temperature. With a further increase in NiO concentration ( Fig. 8(d) 
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Conclusions
We have demonstrated a facile method for beating the superparamagnetic limit of NiFe 2 O 4 nanoparticles (<10 nm) by using composites obtained by calcining NiFe-LDH precursors. In the high temperature treatment process, the transformation from the LDH precursor to the NiFe 2 O 4 /NiO nanocomposite occurs topotactically, and the resulting particles are clustered tightly with each other. Therefore, the value of T B is ~100 K higher than that of the NiFe 2 O 4 /NiO nanocomposite obtained by calcination of a precursor formed by a traditional chemical coprecipitation method. Meanwhile, the NiFe2O4 concentration in the material can also be tuned by changing the molar ratio of Ni Ⅱ /Fe Ⅲ in the LDH precursor. The magnetic properties, such as the value of T B , as well as magnetization and the exchange field are closely related to the NiFe 2 O 4 /NiO ratio in the final material.
Moreover, this synthesis route should be generally applicable since the wide range of metal cations which can be incorporated in LDH precursors should allow the synthesis of other FM/AFM systems. 
